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Boulder, Colorado 80303 Summary The National Bureau of Standards (NBS) has proposed a p a r t i c u l a r a p p l i c a t i o n o f t h e c l e a r access channel C/A o f t h e G l o b a l P o s i t i o n i n g System (GPS) s i g n a l u t i l i z i n g t h e f a c t t h a t t h e l o c a t i o n o f t w o e a r t h s t a t i o n s may be known. Hence, i f one has common-view o f a s i n g l e s a t e l l i t e f r o m t h e s e t w o e a r t h s t a t i o n s , e x c e l l e n t t i m e t r a n s f e r c a p a b i l i t y e x i s t s . NBS has developed a p r o t o t y p e r e c e i v e r f e a t u r i n g e x t r e m e l y h i g h t i m e t r a n s f e r a c c u r a c y and low cost. Even though one may n o t know t h e a b s o l u t e d e l a y s t h r o u g h t h e r e c e i v e r s , one can do a b s o l u t e t i m e t r a n s f e r b y knowing the differential delay between two rec e i v e r s .
The r e c e i v e d s a t e l l i t e s i g n a l s gave an RMS t i m e f l u c t u a t i o n o f t h e r e c e i v e r o u t p u t a s good as 3.5 nanoseconds f o r an omni antenna using 15 second averages.
The noise was c h a r a c t e r i z e d as white noise phase modulation, which can be averaged below the systematics, which are about 1 nanosecond over a thermal range of several degrees about ambient.
The d a y -t o -d a y t i m e f l u c t u a t i o n s , when measuring the time difference between the NBS Boulder and U.S. Naval Observatory (USNO) Washington, D.C. were about 5 ns.
The software and the receiver are configured t o be f u l l y a u t o m a t i c w i t h a Z80A microprocessor s e t t i n g t h e a m p l i t u d e f o r t h e l o c k l o o p s o f t h e r e c e i v e r a n d s e t t i n g t h e s y n t h e s i z e r w h i c h c o r r e c t s f o r t h e nominal Doppler shift. The r e c e i v e r a l s o has a u n i q u e f e a t u r e o f u s i n g t h e m i c r o p r o c e s s e r t o c a l i b r a t e a 0.1 ns b u i l t -i n t i m e i n t e r v a l c o u n te r . A l l t h a t i s r e q u i r e d on t h e p a r t o f t h e u s e r i s a l o c a l 1 pps t i c k and a 5 MHz s i g n a l , p l u s his 1 oca1 coordinates.
Key Words: Automatic time comparison; deep space n e t w o r k ; d i f f e r e n t i a l t i m e t r a n s f e r ; f r e q u e n c y t r a n s f e r ; i n t e r n a t i o n a l t i m e c o m p a r i s o n ; p r i m a r y frequency standards; S I second; G l o b a l P o s i t i o n i n g System.
I n t r o d u c t i o n
The a d v e n t o f GPS has opened other doors b e s i d e s n a v i g a t i o n f o r a p p l i c a t i o n s u s i n g t h i s system. I n p a r t i c u l a r , t h e s t a f f a t t h e Time and F r e q u e n c y D i v i s i o n o f NBS have c a p i t a l i z e d on t h e i d e a o f u s i n g a s i n g l e GPS s a t e l l i t e s i g n a l i n common view a t two f i x e d and known c o o r d i n a t e l o c a t i o n s on t h e s u r f a c e o f t h e e a r t h , e . g . , NBS I n t e r n a t i o n a l de 1'Heure (BIH) i n Paris, France.
S i n c e n a v i g a t i o n i s n o t n e c e s s a r y , t h i s s y s t e m c a n b e t u r n e d i n t o a p u r e t i m e t r a n s f e r t e c h n i q u e f o r a c h i e v i n g a s i g n i f i c a n t amount o f common-mode c a n c e l l a t i o n o f e r r o r s . I n p a r t i c u l a r , any s a t e ll i t e c l o c k e r r o r s d i s a p p e a r when t h e d i f f e r e n c e i s t a k e n b e t w e e n t h e r e c e i v e d t i m e s a t t h e t w o s i t e s ;
t h e e p h e m e r i s e r r o r s f o r t h e s a t e l l i t e m i g h t be
reduced by an order of magnitude or more depending upon the size and direction of the ephemeris errors, and upon the baseline distance between the t w o e a r t h s t a t i o n s . I f convenient times are chosen, there may be s i g n i f i c a n t amounts o f commonmode c a n c e l l a t i o n i n t h e i o n o s p h e r e o f t h e t w o p a t h s f r o m t h e s a t e l l i t e t o t h e t w o g r o u n d s t at i o n s . A previous paper has been published showing t h e open market t o a s i g n i f i c a n t number o f i n t e rested users.
On 4 May 1981, t h e p r o t o t y p e r e c e i v e r a t NBS was l o c k e d t o a GPS s a t e l l i t e s i g n a l o n t h e f i r s t attempt. The r e s u l t s o f t h e r e c e i v e d d a t a
t h e r e a f t e r w i 11 be presented i n p a r t i n t h e body o f t h e p a p e r .
One o f t h e c o s t -c u t t i n g a s p e c t s t h a t has been i n c o r p o r a t e d i s t o use the C/A s i g n a l o n l y , s i n c e p r e l i m i n a r y s t u d i e s showed t h a t it would have
adequate accuracy t o meet t h e d e s i g n g o a l o f b e t t e r t h a n 10 ns worldwide time transfer using t h e comnon-view approach.
Receiver , 9 e i g h t -b i t p a r a l l e l p o r t s , a memory-mapped video display generator and a n e i g h t -l e v e l p r i o r i t y i n t e r r u p t s t r u c t u r e . Absolute accuracy i s b e t t e r t h a n 1 ns (3 U).
S i n c e t h e u l t i m a t e g o a l i s t o p r o v i d e d i f -
f e r e n t i a l t i m e t r a n s f e r c a p a b i l i t y with maximum accuracy, we have p a i d p a r t i c u l a r a t t e n t i o n t o t h o s e f a c t o r s i n t h e r e c e i v e r d e s i g n t h a t c a n r e s u l t i n d e l a y v a r i a t i o n s . F o r example, receiver bandwidth (RF and I F ) i s much l a r g e r t h a n necess a r y i f the goal were s i m p l y t o o p t i m i z e s i g n a l / noise performance. Also, special attention was g i v e n t o t h e c o r r e l a t i o n l o o p s e r v o t o m i n i m i z e t h e e f f e c t o f t e m p e r a t u r e . A l t h o u g h we have n o t performed exhaustive tests up to this t i m e , it appears that the receiver systematics are less t h a n k 2 ns i n a normal room environment where temperature variations are on t h e o r d e r o f &5 " C .
The
S/N, s i n c e i n
10 minutes we can average down t o t h e 1 -2 n s l e v e l o f t h e r e c e i v e r s y s t e m a t i c s w i t h t h e p r e s e n t quad s p i r a l omni antenna wound on a 2.5 cm diameter x 6 cm long cy1 inder with a 7 cm ground plane. We a r e a b l e t o t r a c k s a t e 1 1 i t e s down t o a 1" e l e v a t i o n a n g l e w i t h t h e omni antenna. )
Software Configuration. The key element i n t h e performance o f t h i s " s t a n d -a l o n e " GPS t i m e t r a n s f e r system i s i n t h e i n t e g r a t i o n o f the hardware and software. Since a l l c o n t r o l and computation i s performed by a s i n g l e Z80A processor, the software i s r e q u i r e d t o b e v e r y e f f i c i e n t i n e x e c u t i o n t i m e , e s p e c i a l l y t h e i n t e r r u p t -d r i v e n r o u t i n e s t h a t must perform a r e t u r n f r o m i n t e r r u p t w i t h i n 500 v s .
A key "number-crunching" requirement i s s u f f i c i e n t numeric accuracy t o compute s a t e l l i t e p o s i t i o n t o 1 cm.
We chose t o s t a r t f r o m s c r a t c h , w i t h t h e deveopment o f a 15 decimal d i g i t f l o a t i n g p o i n t package w i t h hex i n t e r p r e t e r f o r number crunching and a u n i q u e i n t e r r u p t i m p l e m e n t a t i o n i n Z80 assembly language f o r t h e i n t e r r u p t -d r i v e n p r ograms. The t o t a l s o f t w a r e package presently stands a t a p p r o x i m a t e l y 20 k -b y t e s o f o b j e c t code. T h i s
represents about 1 man-year o f programming time.
There are 7 i n t e r r u p t -d r i v e n p r o g r a m s , p l u s t h e i n t e r r u p t a b l e "number cruncher. I' The i n t e r r u p tdriven programs are: P r i o r i t y The i n t e r r u p t -d r i v e n programs represent a processor overhead time of from 5% t o 15%. depending upon what i s happening a t any i n s t a n t o f time.
One c r u c i a l p o i n t i s t h a t a1 1 7 i n t e r r u p td r i v e n programs and t h e i n t e r r u p t a b l e number c r u n c h e r a r e " a l i v e " a t a l l t i m e s ( n a t u r a l l y i n a ti.me-slice context). I t i s p o s s i b l e t h a t a t a
given second, the receiver program i s loading the s e r i a l d a t a f r o m a s a t e l l i t e and running the GPS clock, the tape program i s i n the process o f w r i t i n g a data f i l e , the RX program i s decoding an operator command, the counter program i s making a pseudo-range measurement, the TX program i s p r i n ting the hard copy r e s u l t s o f passes for the previous 10 days, and the 1 Hz program i s updating t h e UTC clock and has determined t h a t t h i s i s t h e second t o s t o p t r a c k i n g t h e c u r r e n t s a t e l l i t e . Laboratories (RRL), Tokyo, Japan. This seems s u p r i s i n g a t f i r s t , b u t upon c a l c u l a t i o n becomes obviously doable. This level of national and i n t e r n a t i o n a l t i m e t r a n s f e r accuracy, o f course, 14 affords also excellent frequency transfer accuracy a t nominal s t a t e -o f -t h e -a r t l e v e l s . These r e s u l t s have p o t e n t i a l l y s i g n i f i c a n t impact on a s s i s t i n g 
